The effect of In substitution for Ni on the glass forming ability has been studied in Cu 47 Ti 33 Zr 11 Ni 8Àx In x Si 1 (x ¼ 0, 2, 4, 6, 8) alloys by using thermal analysis and X-ray diffractometry. Partial substitution of Ni by In in Cu 47 Ti 33 Zr 11 Ni 8 Si 1 promotes the glass forming ability. Cu 47 Ti 33 Zr 11 Ni 6 In 2 Si 1 bulk metallic glass with diameter of 6 mm can successfully be fabricated by Cu-mold injection casting method. ÁT x and K parameter show a good relationship with the measured maximum diameter of the amorphous specimen.
Introduction
Metallic glass alloys show characteristic physical features such as high strength, corrosion resistance and electromagnetic properties, which are significantly different from the corresponding crystalline alloys, due to the different atomic configuration. 1) Recently, multi-component alloys capable of solidifying into a glass at a relatively low cooling rate have been reported in several alloy systems such as Zr-, Ni-, Ti-, Mg-, and Cu-based alloys. [2] [3] [4] [5] [6] Bulk metallic glasses (BMGs) can expand the application area further by increasing the size limit, i.e. by enhancing the glass forming ability (GFA) which is represented by various parameters such as
It is important to establish the ranges of alloy composition that have large glass forming ability for the preparation of bulk metallic glass. Unfortunately, there exists no universal model to predict the families of alloy compositions that are likely to have a wide temperature range of undercooled liquid. Through extensive experiments, three empirical rules were found to favor the formation of bulk amorphous alloys: 7) 1) multi-component systems with more than 3 components; 2) large differences in atomic size between the constituent elements; and 3) large negative heats of mixing in the liquid. Even though these three rules can offer some useful guidelines for alloy design, the development of new alloys with a large glass forming ability depends mainly on carrying out a series of experiments where the compositions are changed step by step.
Cu-Ti-Zr-Ni alloys are reported to show a large undercooled liquid region before crystallization and a high glassforming ability. 6) Bulk amorphous specimens with a thickness of 4 mm were successfully produced by injection casting into a Cu mold. The small Si addition in Cu-Ti-Zr-Ni alloys even more stabilizes the undercooled liquid against crystallization, and increases the attainable maximum thickness of glassy ingots up to 7 mm. 8) In this study the effect of a sixth alloying element on glass formation in Cu-Ti-Zr-Ni-Si alloys was studied. In was selected as a candidate element due to following reasons: 1) a large difference in atomic size between In and the constituting elements; the Goldschmidt atomic radius of In is 16.6 nm, which is significantly larger than 12.8, 14.5, 16.0 and 12.4 nm for Cu, Ti, Zr and Ni, respectively; 9) 2) a large mixing enthalpies between In and constituting elements; the mixing enthalpies of In-Cu, In-Ti, In-Zr and In-Ni are þ1, À62, À121 and þ8 kJ/mol, respectively. 10 Ti and Zr instead of metallic Ti and Zr were used together with electrolytic cupper. Rapidly solidified ribbon specimens were prepared by remelting the alloys in quartz tubes, and ejecting with an over-pressure of 50 kPa through a nozzle onto a Cu wheel rotating with a surface velocity of 40 m/s. The resulting ribbons have a thickness of about 45 mm and a width of about 2 mm. The injection casting was performed to make bulk samples. Appropriate amounts of each alloy were remelted in quartz crucibles and injected through a nozzle into Cu molds, having cylindrical cavities of varying diameters from 2 to 7 mm. X-ray diffraction (XRD) experiments were performed to identify the formation of the amorphous phase in ribbon and bulk samples by using monochromatic Cu K radiation for a 2 range of . Thermal analysis of the ribbon samples was carried out to determine the glass transition temperature, T g , and the crystallization temperature, T x , by differential scanning calorimetry (DSC) using a constant heating and cooling rate of 0.667 K/s. Also differential thermal analysis (DTA) was performed to measure the temperature range of alloy melting endotherms during continuous heating with a heating rate of 0.333 K/s.
Results
The formation of the amorphous phase was confirmed by XRD experiments in all rapidly solidified Cu 47 Ti 33 -Zr 11 Ni 8Àx In x Si 1 (x ¼ 0, 2, 4, 6, 8) alloy ribbons. Figure 1 shows DSC traces obtained from as-solidified ribbons during continuous heating with a heating rate of 0.667 K/s. Each DSC trace showed three or four exothermic peaks, corresponding to the crystallization of the amorphous structure. The glass transition (T g ) and crystallization onset (T x ) temperatures are marked by arrows in the DSC traces. The glass transition temperature and crystallization onset temperature of melt spun Cu 47 Ti 33 Zr 11 Ni 8Àx In x Si 1 alloys decreased from 720 K and 757 K respectively at x ¼ 0 to 705 K and 747 K respectively at x ¼ 2, increasing to 710 K and 750 K respectively at x ¼ 4, and then decreasing again down 703 K and 733 K respectively at x ¼ 8. The undercooled liquid range, ÁT x ¼ T x À T g increases from 37 K at x ¼ 0 to 42 K at x ¼ 2, and then decreases with further increase of x, reaching 30 K at x ¼ 8. Figure 2 shows DTA traces obtained from the as-melt spun ribbons during heating with a heating rate of 0.333 K/s. The alloy x ¼ 0 exhibited superimposed two endothermic peaks with a melting range of about 59 K. The melting temperature range of the alloys is strongly dependent on In content x. The alloy with x ¼ 2 showed an almost single endothermic peak with a melting ranges of about 57 K. With further increasing x to 8, two melting endotherms appeared, resulting in increase of melting range up to about 129 K for alloy x ¼ 8. and then increasing sharply up to 1218 K at x ¼ 8. The sensitive change in T m liq with In content x suggests that the alloy composition at x ¼ 2 is close to the composition of deep eutectic. Figure 3 shows the variations of T x , T g , T m sol and T m liq for melt spun Cu 47 Ti 33 Zr 11 Ni 8Àx In x Si 1 (x ¼ 0, 2, 4, 6, 8) alloys. As shown earlier in Fig. 1 , the widest ÁT x value was 42 K at x ¼ 2. It can be pointed out that the difference between T m liq and T g is a minimum at x ¼ 2.
To evaluate the glass forming ability of the alloys, injection casting experiment was performed using Cu molds having cylindrical cavities of varying diameters from 2 to 7 mm. Figure 4 shows DSC traces obtained from injection cast bulk specimens of the Cu 47 Ti 33 Zr 11 Ni 8 Si 1 alloy bars with diameters of 3, 4 and 5 mm, along with the results from melt spun ribbons. Except for the specimen of 5 mm diameter, all the DSC traces show a clear glass transition temperature at about 709 K, and a crystallization onset temperature at about 757 K. The glass transition temperature and crystallization temperature were almost independent of specimen diameter, i.e. cooling rate during glass formation, once the cooling rate is above a critical value to form single amorphous structure. Total exothermic heats during crystallization in the melt-spun ribbon and the samples with diameter of 2 to 4 mm were nearly same, for example, À114 J/g in the melt-spun ribbon and À108 J/g at d ¼ 4 mm. However, the total exothermic heat decreased significantly at d ¼ 5 mm (À28 J/g), indicating the formation of mixed structure of amorphous and crystalline phases due to insufficient cooling rate during solidification. Figure 5 shows DSC traces obtained from injection cast bulk specimens of the Cu 47 Ti 33 Zr 11 Ni 6 In 2 Si 1 alloy bars with diameters of 5, 6 and 7 mm, along with the results from melt spun ribbons. All the DSC traces were also same within the experimental error with a clear glass transition temperature at about 705 K and a crystallization onset temperature at about 747 K. Total exothermic heats during crystallization were nearly same in the melt-spun ribbon and the samples with diameter of 5 and 6 mm, but decreased significantly due to the crystallization during solidification in the sample with diameter of 7 mm. The amorphous structure of the sample was confirmed by TEM analysis as shown in Fig. 6 . The specimen with diameter of 6 mm showed no crystalline phase, and the selected area diffraction pattern (SADP) showed a diffuse halo ring which is characteristic of the amorphous phase. Figure 7 shows a map of the phases for a bulk specimen as a function of rod diameter and alloy composition, determined by X-ray diffraction experiments; , , and symbols represent the amorphous phase, an amorphous and crystalline phase mixture and crystalline phases, respectively. Cu 47 Ti 33 Zr 11 Ni 8 Si 1 show a maximum diameter of 4 mm for amorphous formation, which is smaller than the previous report.
8 ) The decrease of maximum diameter may be due to different metallic sources for alloy. 11) With increasing In content, x, the maximum diameter increases up to 6 mm at x ¼ 2, followed by a decrease. Alloys with x larger than 2 show low glass forming ability.
Discussion
The glass forming ability may be represented by the critical cooling rate for the formation of amorphous structure. With increasing In content in Cu 47 Ti 33 Zr 11 Ni 8Àx In x Si 1 alloys, the glass forming ability increases up to x ¼ 2 and then decreases with further replacement of Ni by In, as shown in Fig. 7 . Similar improvement of glass forming ability has been reported when Ni is partially replaced with Sn in Cu-TiZr-Ni-Si alloy.
12) The increase of the glass forming ability by the partial replacement of Ni by In in Cu 47 Ti 33 Zr 11 -Ni 8Àx In x Si 1 alloys may be explained by three empirical rule mentioned above. As shown in Fig. 3 , the Cu 47 Ti 33 Zr 11 -Ni 6 In 2 Si 1 alloy shows a minimum melting temperature among the alloys. The decrease in melting point indicates that the liquid phase is stabilized with respect to competing crystalline phases. The stabilization of the liquid phase can be achieved by increasing the atomic packing density, and by changing local atomic structure in the liquid phase. The larger atomic size difference between In (16.6 nm) and major alloying element, Cu (12.8 nm) than that between Ni (12.4 nm) and Cu is favorable to increase the atomic packing density of the liquid structure. The large negative enthalpies of mixing in In-Ti and In-Zr and slightly positive enthalpies of mixing in In-Cu and In-Ni (In-Cu, In-Ti, In-Zr and In-Ni are þ1, À62, À121 and þ8 kJ/mole, respectively 10) ) can contribute to the stabilization of the liquid phase by changing the local atomic structure. It should be mentioned that replacement of Ni by In (x > 2) decreased the glass forming ability as shown in Fig. 7 . With increasing the In content, alloy composition may deviate further from deep eutectic composition as shown in Fig. 2 .
nm
It is known that cooling rate is inversely proportional to the diameter of ingot. 13) Therefore maximum diameter for amorphous formation can be considered as a real parameter reflecting glass forming ability of the alloy. Figure 8 shows correlations between the parameters representing the glass forming ability, ÁT x , T rg , K, 14) parameter 15) and maximum diameter for amorphous formation in Cu 47 Ti 33 Zr 11 -Ni 8Àx In x Si 1 alloys. In this alloy system, ÁT x and K parameter show good relationship with the measured maximum diameter of amorphous specimen. However, the T rg and parameter do not exhibit good correlation with the maximum diameter. Generally the suggested parameters can offer some useful criterion for glass forming ability, but it is difficult to exactly evaluate the glass forming ability with suggested parameters so far. It has been shown recently that the parameters reflecting glass forming ability such as ÁT x , T rg and are no longer valid when comparing the glass forming ability of the alloys which already have a reasonably good glass forming ability, for example, ÁT x , T rg and parameters for Ni-Zr-Ti-Si-Sn-Nb alloys having glass forming ability enabling the formation of 2-5 mm diameter glass rods by injection casting. 16) 
Conclusion
The glass transition and crystallization onset temperature of melt spun Cu 47 Ti 33 Zr 11 Ni 8Àx In x Si 1 alloys decreased from 720 K and 757 K, respectively at x ¼ 0 to 705 K and 747 K, respectively at x ¼ 2, increasing to 710 K and 750 K, respectively at x ¼ 4, and then decreasing again down 703 K and 733 K, respectively at x ¼ 8. Alloy with x ¼ 2 show a melting temperature of 1143 K, which is about 14 K lower than that for x ¼ 0. In 2 Si 1 . In this alloy system, ÁT x and K parameter show good relationship with the measured maximum diameter of amorphous specimen. However, the T rg and parameter does not exhibit good correlation with the maximum diameter.
